A rapid method has been developed for the simultaneous determination of nitrite and nitrate. The separation of nitrite and nitrate was achieved using an octadecylsilane (ODS) short column (5 μm, 20 × 4.6 mm) with 10 mM of borate buffer-methanol (99.5:0.5, v/v; pH 10.0), containing 5 mM of lauryltrimethylammonium chloride and 50 mM of NaBr. These ions were detected by luminol chemiluminescence following online UV irradiation. The calibration curves of nitrite and nitrate were linear in the range of 1.0 × 10 -7 to 2.0 × 10 -5 M and 1.0 × 10 -6 to 2.0 × 10 -4 M, respectively. The detection limits for nitrite and nitrate were 0.05 and 0.4 μM, respectively (with a signal-to-noise ratio of 3). The precisions of peak heights for 7 identical injections of a standard mixture of 0.50 μM of nitrite and 5.0 μM of nitrate were 2.7 and 2.1%, respectively. Analysis time per sample was less than 2 min, and system pressure was low (2.1 MPa). The proposed method was successfully applied to water samples from various sources.
Introduction
The determination of nitrite and nitrate levels in environmental water is a subject of interest in its routine analysis, because the presence of these species in large amounts indicates water pollution. Therefore, many methods for the determination of nitrite and nitrate levels have been reported. 1, 2 In particular, high-sample-throughput methods have attracted much attention in environmental analysis. The prospect of higher sample throughput would imply increased operating efficiency and lower costs. Therefore, various methods for the simultaneous determination of nitrite and nitrate that are designed to provide a higher sample throughput, such as high performance liquid chromatography (HPLC) 3, 4 and flow injection analysis, [5] [6] [7] [8] have been reported. In addition, on-site determination is one of the goals of environmental analysis. On-site determination requires not only rapid determination but also a simple system that can be miniaturized. 8 Therefore, a more rapid method for the determination of nitrite and nitrate within a more simple system is highly desirable.
The authors recently demonstrated that UV-irradiated organic nitrogen oxides and nitrogen oxyanions display chemiluminescence when mixed with a luminol-carbonate solution under basic aqueous conditions. 9 The chemiluminescent reaction scheme most probably proceeds as follows: NO is generated from nitrite and nitrate by UV irradiation, and a superoxide anion radical is generated from the eluent. NO reacts with the superoxide radical to form peroxynitrite, which reacts with luminol through a peroxynitrite-bicarbonate intermediate to induce strong chemiluminescence. On the basis of this finding, we proposed a highly sensitive method for the simultaneous determination of nitrite and nitrate in water samples. 10 The reduction of nitrate and nitrite to NO and the generation of peroxynitrite can only be completed via UV irradiation; therefore, this detection system is very simple. In addition, because sensitivity to nitrite was 10 times higher than that to nitrate, simultaneous determination could be achieved. However, this method employed the same separation system as that used in conventional ion chromatography, which required an expensive ion-exchange column and a long time for analysis. 10 Compared with ion chromatography, ion-pair chromatography has better chromatographic efficiency and greater flexibility in terms of choice of columns, eluent, and ion-pair reagents for optimum separation. Most importantly, the use of a cationic surfactant-coated monolith silica octadecylsilane (ODS) column allows ultra-fast separation of the 8 most common anions within 15 s.
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This separation was achieved using low-pressure monolith columns with a flow rate of 16 ml min -1 . Separation speed could also be improved by decreasing the particle size. 12 However, a small particle size generally leads to high pressure, necessitating the use of higher-pressure-proof apparatus compared with a conventional HPLC apparatus.
In this study, we developed a rapid system for measuring nitrite and nitrate levels in water samples, using ion-pair chromatography with a postcolumn photochemical reaction and subsequent chemiluminescent detection based on luminol chemiluminescence.
Separation was achieved using an inexpensive, low-pressure cartridge-type guard column.
Experimental

Apparatus
The HPLC experiments were conducted using the online UV light irradiation and subsequent chemiluminescence detection system. 10 The system assembly consisted of LC-20AD HPLC pumps (Shimadzu, Kyoto, Japan), a Rheodyne 7125 sample injector (Rheodyne, CA) equipped with a 5-μL sample loop, a short ODS column (XBridge guard column, 5 μm, 20 mm × 4.6 mm i.d., Waters, MA), a custom-made photochemical reactor, a Comet 2000 chemiluminescence detector (Comet, Kanagawa, Japan), and a Hitachi D-2500 (Hitachi, Tokyo, Japan) data processor. The photochemical reactor consisted of a low-pressure mercury lamp (15 W, CL-15, National, Tokyo, Japan) and a reaction coil in a plastic box covered with aluminum tape. The reaction coil was a knitted PTFE tube (1/16 o.d. × 0.5 mm i.d.). The column was removed during optimization of the chemiluminescent detection conditions.
Reagents and solutions
A luminol stock solution (20.0 mM) was prepared by dissolving 70.9 mg of luminol (5-amino-2,3-dihydro-1,4-phthalazinedione, reagent for biochemistry, 99%, Wako, Osaka, Japan) in 20 ml of carbonate buffer (0.5 M, pH 10.0). The stock solution of standard nitrite was prepared by dissolving an appropriate amount of sodium nitrite (guaranteed reagent, 97%, Wako) in water. Standard nitrate was prepared by the same way, using sodium nitrate (guaranteed reagent, 99.9%, Wako). The stock solutions were stored at 4 C. Lauryltrimethylammonium chloride (LTA-Cl, 97%), 0.5 M tetrabutylammonium hydroxide (TBA-OH) solution and methanol (HPLC grade) were purchased from Wako. All the other chemicals were of reagent grade or higher. A 10 mM borate buffer solution was prepared by mixing with 10 mM boric acid solution and sodium hydroxide. A 0.5 M carbonate buffer solution (pH 10.0) was prepared by mixing a 0.5 M sodium carbonate solution and a 0.5 M sodium bicarbonate solution. The water used for all the solutions was purified using an Elix 5 UV (Millipore, Tokyo, Japan) and a Milli-Q Academic A10 water purification system (Millipore).
Sample preparation and analytical conditions
Water samples collected from river water, tap water, treated waste water and seawater were filtered through a 0.45-μm hydrophilic PTFE membrane filter (Advantec, Tokyo, Japan) and stored at 4 C.
The eluent consisted of 10 mM of borate buffer (pH 10.0)-methanol (99.5:0.5, v/v) with 5 mM of LTA-Cl and 50 mM of NaBr; it was delivered at a flow rate of 2.0 ml min -1 (2.1 MPa). The duration of online UV irradiation was set to 30 s, and the elapsed time from the end of the UV irradiation to the mixing tee at which the eluent is mixed with the luminol solution was set in 2 s. The 0.1 mM luminol solution was prepared by diluting 2.5 ml of stock solution up to 500 ml with a 0.5 M carbonate buffer (pH 10) and was delivered at a flow rate of 0.25 ml min -1 .
Results and Discussion
Optimization of conditions for separation and detection
Detection and separation conditions were optimized according to the method reported in our previous paper. 10 Anion separation by ion-pair chromatography using an ODS column can be achieved using two approaches. One approach is to use a cationic hydrophobic reagent in the eluent as a dynamic anion exchanger. The other is to use a cationic hydrophobic reagent as a column modifier. In this study, we employed the dynamic anion exchange mode. Two cationic ion-pair reagents, LTA-Cl and TBA-OH, were selected as the dynamic anion exchangers. The concentrations of the two ion-pair reagents in the eluent influenced the retention time and chemiluminescence intensity of nitrite and nitrate (Fig. 1) . When LTA-Cl was used as the ion-pair reagent, retention time increased with increasing LTA-Cl concentration up to 5 mM. However, when TBA-OH was used, sufficient retention time could not be obtained (see Fig. 1A ). The peak heights of chemiluminescence intensity for nitrite and nitrate decreased with increasing concentration of both ion-pair reagents, as shown in Fig. 1B . In order to obtain sufficient retention time, we selected LTA-Cl at a concentration of 5 mM.
The effects of the concentration of organic solvent and concentration of added salt on retention time and chemiluminescence intensity were investigated in order to achieve the higher sensitivity and the best separation in a short elution time. On the basis of our previous report, 10 methanol was selected as the organic solvent. The retention time decreased with increasing methanol concentration, as shown in Fig. 2A . The highest peaks for both nitrite and nitrate were observed at 0.5% of methanol concentration, and the peak heights decreased and the background level increased in the higher concentration range (Fig. 2B) . Hence, methanol was added to the eluent at a volume ratio of 0.5%. Next, the species and concentrations of added salts were examined. As shown in Fig. 3A , retention time decreased with increasing salt concentration for NaCl and NaBr. Figure 3B shows a comparison of the effect of the concentration of the added salts on the peak heights and the background level with the effect of a buffer solution on these parameters. Since NaCl caused the prominent decreases in peak heights and background level, NaBr was used to control the retention time. Finally, a NaBr concentration of 50 mM was selected in order to achieve the best separation in a short elution time.
In order to explain the effects of methanol and NaCl on the peak heights, we considered the following. It has been reported that chloride ions behave as hydroxyl radical scavengers owing to the high rate constant of the reaction between chloride ions and hydroxyl radicals. 13 Hydroxyl radicals are essential for the formation of superoxide radicals, which in turn are required for generating peroxynitrite and are responsible for background chemiluminescence. In the presence of chloride ions, generated hydroxyl radicals are scavenged, and the amount of superoxide radicals therefore decreases. As a result, the chemiluminescence intensities of nitrite, nitrate, and the background level decrease, as shown in Fig. 3B .
Hydroxyl radicals are generated photochemically and are converted to superoxide radicals using a simple alcohol, in the presence of oxygen and under alkaline conditions. 14 The eluent in this experiment consists of an alkaline buffer solution that contains methanol, so the addition of methanol leads to increased chemiluminescence intensities for nitrite, nitrate, and the background level, as shown in Fig. 2B .
Finally, the effect of UV irradiation time on the detection of nitrite and nitrate was studied in the range of 0 -60 s under the proposed ion-pair chromatographic condition. The peak heights of nitrite, nitrate, and the background level increased with an increase in time up to 45 s. As the signal-to-noise ratio was almost constant above 30 s, we selected a UV irradiation time of 30 s. While we maintained the UV irradiation time at 30 s (by changing the length of the reaction coil), we investigated the effect of the eluent flow rate on peak heights in the range of 0.5 -2.0 ml min -1 . The peak heights of nitrite and nitrate increased with the flow rate up to 1.0 ml min -1 and then gradually decreased. However, the background level increased with increasing flow rate up to at least 2.0 ml min -1 . We assumed that this was due to the chemiluminescent reaction of luminol and superoxide radicals. Although peroxynitrite is relatively stable in an alkaline solution, superoxide radicals decay within a few seconds. Therefore, a higher eluent flow rate should cause larger amounts of superoxide radicals to appear in the detection cell.
To confirm this assumption, we controlled the time from the end of UV irradiation to the mixing tee at which the eluent is mixed with the luminol solution, by changing the length of the tube. As shown in Fig. 4 , the background level decreased with an increase in time, but nitrite and nitrate showed maximum peak heights at 2 s. It is clear that the amount of generated superoxide radicals decreased before the luminol solution was mixed. Thus, the eluent flow rate was selected as 2.0 ml min -1 , with the elapsed time (between the end of UV irradiation and the mixing of the luminol solution) was set at 2 s, in order to achieve high sample throughput and highly sensitive analysis.
Analytical performance
Typical chromatograms obtained from standard nitrite and nitrate solutions, with 2 consecutive injections per sample at ca. 2 min intervals, can be observed in Fig. 5 . The analysis time per sample was less than 2 min, despite the use of an HPLC system with low pressure (2.1 MPa) and a conventional flow rate (2.0 ml min -1 ). The calibration curves for nitrite and nitrate, which were constructed using peak heights, were linear from 1.0 × 10 -7 to 2.0 × 10 -5 M (r 2 = 1.000) and 1.0 × 10 -6 to 2.0 × 10 -4 M (r 2 = 0.9999), respectively. The detection limits for nitrite and nitrate were 0.05 and 0.4 μM, respectively (with a signal-to-noise ratio of 3). The precisions of peak heights for 7 identical injections of a standard mixture of 0.50 μM nitrite and 5.0 μM nitrate were 2.7 and 2.1%, respectively. The detection limits of nitrite and nitrate in the present study were 40 times higher than those in our previous study. 10 The result can be explained by the following factors. The injection volume in this study (5 μL) is 20 times less than that in our previous study (100 μL). In addition, the added reagents, LTA-Cl and NaBr, would interfere with the photochemical reaction. However, the sensitivities of nitrite and nitrate under these conditions are sufficient to obtain reliable results. Therefore, the higher-sample-throughput conditions were employed in this study. Table 1 shows a comparison of the linear ranges, detection limits, and analysis time for nitrite and nitrate using the present method with those of some previously reported simultaneous determination methods. Our proposed method has applicative sensitivity for environmental water samples. The sample throughput (30 samples h -1 ) is comparable to those obtained by flow-based methods.
Measurement of nitrite and nitrate in water samples
Typical chromatograms obtained from river water, tap water, and treated wastewater, with 3 consecutive injections performed at ca. 2 min intervals, are shown in Fig. 6 . As the interfering peak and the delay peak were not confirmed, high throughput determination was achieved. Table 2 lists the results of measurements of various water samples and recovery tests. Recovery values of approximately 100% were obtained for both ions in all cases except for seawater, which had recovery values of 58% for nitrite and 75% for nitrate. However, a seawater sample diluted 10 times gave recovery values of 84% for nitrite and 87% for nitrate; therefore, it is clear that the proposed method was influenced by substances in the matrix of the seawater. Seawater has a chloride ion concentration of approximately 0.56 M. 15 As observed in Fig. 3B , when chloride ions were present in the eluent, it caused a prominent decrease in peak heights and the background level. In order to confirm the effect of chloride ions in the seawater sample, solutions with specific concentrations of NaCl were prepared. A sample solution of 5 μM of nitrite and 50 μM of nitrate prepared with 1 M NaCl showed peak heights that were 78 and 93% (for nitrite and nitrate, respectively) of the peak heights for a sample solution prepared with water. However, the ratios of peak height were 100% (nitrite) and 97% (nitrate) when the sample solution was prepared with 0.1 M NaCl. This suggests that chloride ions are not the only substance in seawater affecting the results.
Although other main matrixes in seawater were tested, no interfering compound was found in this study. For the analysis of seawater, further investigation would be necessary.
Conclusions
A rapid determination method was proposed for the analysis of nitrite and nitrate, using a short ODS column with LTA-Cl as a dynamic anion exchanger, on-line UV irradiation, and luminol chemiluminescence detection. The applicability of the proposed method was demonstrated by analyzing the nitrite and nitrate levels of various water samples. Analyses were performed within 2 min per sample with a low-pressure system and simple equipment. Although further investigation is necessary for the . Separation was achieved using cetyltrimethylammonium cationcoated monolithic columns. The flow rate of the eluent is 3 ml min -1 . The injection amount is 500 μL. The sample throughput is 10 h -1 . The Greiss reaction was used.
The sample throughput is 32 h -1 . Nitrite-catalyzed crystal violet-bromate reaction was used.
The analysis time is 8 min. The flow rate of the eluent is 1.5 ml min -1 . The injection amount is 100 μL.
The analysis time is less than 2 min. Separation was achieved using a low-pressure and low-cost short ODS column. The flow rate of the eluent is 2 ml min -1
. The injection amount is 5 μL. analysis of seawater, our proposed determination method can be applied to a number of other water samples with high sample throughput. Mean of four determinations ± standard deviation.
